in the middle and advanced stages. The subthalamic nucleus (STN) is the most common target for clinical treatment using DBS. While STN-DBS can signifi cantly improve motor symptoms in PD patients, adverse cognitive effects have also been reported. The specific effects of STN-DBS on cognitive function and the related mechanisms remain unclear. Thus, it is imperative to identify the infl uence of STN-DBS on cognition and investigate the potential mechanisms to provide a clearer view of the various cognitive sequelae in PD patients. For this review, a literature search was performed using the following inclusion criteria: (1) at least 10 patients followed for a mean of at least 6 months after surgery since the year 2006; (2) pre-and postoperative cognitive data using at least one standardized neuropsychological scale; and (3) adequate reporting of study results using means and standard deviations. Of ~170 clinical studies identifi ed, 25 cohort studies (including 15 self-controlled studies, nine intergroup controlled studies, and one multi-center, randomized control experiment) and one metaanalysis were eligible for inclusion. The results suggest that the precise mechanism of the changes in cognitive function after STN-DBS remains obscure, but STN-DBS certainly has effects on cognition. In particular, a progressive decrease in verbal fl uency after STN-DBS is consistently reported and although executive function is unchanged in the intermediate stage postoperatively, it tends to decline in the early and later stages. However, these changes do not affect the improvements in quality of life. STN-DBS seems to be safe with respect to cognitive effects in carefully-selected patients during a follow-up period from 6 months to 9 years.
STN-DBS typically results in signifi cantly improved tremor
Neurosci Bull February 1, 2014, 30(1): 153-161 154 and rigidity, ameliorates bradykinesia, and has positive effects on postural instability. Moreover, STN-DBS has been found to reduce the necessary dose of postoperative dopaminergic drugs [1] , so the STN has become the most common target [1, 2] . While STN-DBS has been found to improve movement symptoms, complications in cognitive function have also been reported [3] . A meta-analysis reported that ~41% of PD patients present with cognitive disorders after DBS [4] . In recent years, increasing numbers of studies have focused on the infl uence of STN-DBS on cognitive function. However, its specifi c impact on cognitive function in PD patients and its precise mechanisms remain poorly understood. Thus, it is imperative to identify the influence of STN-DBS on cognition and investigate its potential mechanisms to provide a clearer understanding of the various cognitive sequelae in PD patients.
Here, we selected and reviewed research on the infl uence of STN-DBS on cognitive function in PD patients by setting the following inclusion criteria: (1) at least 10 patients followed for a mean of at least 6 months after surgery during the 6 years from June 2006 to June 2012; (2) pre-and post-operative cognitive data using at least one standardized neuropsychological scale; and (3) cohort studies (15 self-controlled studies, nine intergroupcontrolled studies, and one multi-center, randomized control experiment) and one meta-analysis were eligible for inclusion.
The reason we only focused on papers after 2006 was mainly that an authoritative meta-analysis had been published in 2006 [1] . But ours differs considerably from that report. Primarily, most of the studies in that meta-analysis did not have control groups and were not randomized clinical trials, which limited the interpretation of whether cognitive decline was directly associated with or caused by DBS. Here, we included more controlled studies and even a multi-center, randomized control experiment, so the data are comparatively more convincing. Moreover, compared with the previous studies, those of the last 6 years have a more comprehensive perspective on the cognitive domain. In addition, we included an exploration of possible mechanisms underlying the changes of cognition after DBS, which was absent from the previous report.
By comparing these 26 studies, we summarize the infl uence of STN-DBS on cognitive function in PD patients and investigate the possible underlying mechanisms from analyses of speech, execution, intelligence, memory, attention, spatial visual function, psychomotor speed, and other domains ( Table 1) .
Influence of STN-DBS on Cognitive Function in

Patients with PD
Verbal Fluency
Verbal fl uency has been extensively used as a standardized neuropsychological scale, and includes phonemic and semantic fluency (also referred to as 'letter fluency' and 'category fluency'). A large number of follow-up studies have investigated the infl uence of DBS on verbal fl uency in PD patients after surgery. In the follow-up of self-controls before and after treatment, verbal fl uency was reduced in all studies except one in which it remained unchanged [16] .
In particular, phonemic fl uency was signifi cantly reduced [9, 12] , while semantic fluency remained unchanged. Gaspari et al. [6] quantitatively and qualitatively analyzed vocabulary number, vocabulary switching, and vocabulary cluster size, and found that the total number of words and switches decreased, while the average cluster size was unchanged.
York et al. [21] conducted a controlled study with 6-month follow-up involving 23 PD patients treated with STN-DBS, and 28 PD patients receiving drug treatment. The results revealed that semantic fluency declined after surgery.
However, the control group also exhibited a decline and there was no significant difference between the groups, consistent with the results of another previous study [27] .
Three follow-up studies containing non-surgical control groups also revealed reduced verbal fluency [20, 23, 26] . Witt et al. [29] conducted a multicenter randomized control study to investigate the cognitive changes in 60 PD patients undergoing STN-DBS in 2008, and reported that both phonetic and semantic fluency were reduced. A meta- [4] 612 ----VF, E, M --NR, Not reported; A, attention; E, execution; SS, set-shifting; I, intelligence; M, memory; PMS, psychomotor speed; VF, verbal fl uency; PF, phonetic fluency; SF, semantic fluency; VCS, verbal cluster size; SVF, spatial visual function. a PF reduced, but SF remained unchanged in this group.
b intelligence estimated using the mini-mental state examination; scores were signifi cantly elevated at 1-year follow-up compared with baseline, but returned to baseline at 5 years. c executive function: Stroop test performance declined, but WCST performance remained unchanged. d VF and E reduced at 1 month postoperatively, but returned to normal at 12 months. e attention transfer evaluated using trail-making test B: scores signifi cantly elevated at 1-year follow-up compared with baseline, reduced to baseline at 5 years, and continued to decrease up to 9 years later. f SF, A, and SS reduced after treatment, but the decrease was not signifi cantly different from the control group. g frontal lobe E reduced at 1 month of follow-up, and returned to normal at 12 months. h E, SVF, and VF reduced after operation, as was the control group; there was no signifi cant difference between groups.
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analysis of 28-item cohort studies involving 612 PD patients in 2006 [4] reported that phonetic and semantic fl uency were reduced. This finding was not related to age, course of disease, stimulation parameters, or postsurgical dopamine dose.
In addition, a long-term follow-up study of verbal fluency reported that 30-50% of patients exhibited significantly reduced verbal fluency at 3 years after surgery [30] . However, verbal fluency was found to be marginally reduced at 1 year, and significantly reduced at 5 years after bilateral STN-DBS in 11 PD patients [12] , consistent with the Fasano study [15] in which verbal fl uency was signifi cantly reduced at 8 years compared with 5 years in 20 PD patients. These results reflect a progressive reduction of verbal fl uency after surgery.
Overall, from self-controlled and intergroup-controlled studies, a multi-center, randomized control study, and further meta-analysis, verbal fluency is consistently reported to progressively decrease after STN-DBS. Some studies also reported a separation of phonetic and semantic fl uency.
Executive Function
Executive function is a cognitive process that controls and [20] . Aybek et al. [8] followed 57 PD patients for 3 years, reporting that STN-DBS decreased executive function, specifically inhibition, initiation, and reasoning. A randomized controlled study [29] and a metaanalysis [4] also supported this result.
Second, several studies have reported that executive function does not change after STN-DBS. For example, Raven's progressive matrices, trail-making test B, and the Wisconsin card-sorting test were used to assess executive function in 19 patients during a 17-month followup, revealing no change [9] . Another study reported that executive function tended to decrease after STN-DBS, but remained similar to the control group [27] .
Third, some opinions of the changes of executive function after STN-DBS are mixed. For example, one study reported that Raven's progressive matrices test revealed that abstract reasoning was significantly reduced after STN-DBS, while performance in the Wisconsin card-sorting test was unchanged [12] , consistent with Heo's study of 46
PD patients followed up for 1 year [14] . Zangaglia et al. [23] conducted a 3-year follow-up of 32 PD patients with STN-DBS and 33 treated with drugs, and found that logic-related executive function was reduced one month postoperatively, returned to the normal range at 6 months, and was comparable to that prior to surgery at one year. These findings indicate that the reduced frontal lobe executive function is transient. The authors then followed the same patients for up to 8 years and found that only phonetic fluency was significantly reduced in the STN-DBS group compared with a non-surgery group, while no difference was found in executive function or memory between groups [28] .
Therefore, the influence of STN-DBS on executive function seems elusive. The reasons are as follows: (1) different studies used different neuropsychological scales with variable sensitivity [10] . For example, in testing executive function, the Wisconsin card-sorting test focuses on abstract abilities, concept formation, and the ability to shift, while the Stroop color-word test focuses on interference control; and (2) different experimental designs may result in different experimental effects. For example, in a cohort study with pre-and post-operative self-control, it is diffi cult to identify whether positive results are from surgery or disease progression; in studies with surgical and nonsurgical groups, unless the grouping is random, sampling errors and bias factors cannot be eliminated. However, some conclusions can be drawn. As shown in Table 1 , the follow-up duration of studies reporting decreased executive function are typically relatively short (<6 months) [19, 23] 
Intelligence and Memory
The effects of STN-DBS on intelligence and memory remain unclear. A meta-analysis [4] and several clinical studies [14, 26] reported signifi cantly reduced verbal memory, particularly delayed recall, after surgery. Fasano et al. [15] reported that episodic memory was significantly reduced after surgery in an 8-year follow-up using the Rey auditoryverbal learning test. However, Contarino et al. [12] reported that episodic and short-term memory were decreased, but not to a statistically significant level. A study using the Wechsler memory scale-III reported that declarative memory, including immediate memory, delayed memory, and recognition, was significantly reduced in patients subjected to STN-DBS [13] . In contrast, another study showed that immediate and episodic memory were not substantially affected by STN-DBS in a randomized control experiment [29] . This divergence may result from different scale structures and sensitivities as well as varied follow-up durations.
The Mini-Mental State Examination (MMSE) is commonly used to evaluate "general intelligence", although this is a vague concept and is better evaluated by its components. It is worth mentioning that one study administered the MMSE to patients undergoing STN-DBS, reporting that intelligence was signifi cantly elevated at 1 year after surgery compared with baseline, but was reduced to baseline levels at up to 5 years [12] . We suggest that this difference was due to a practice effect in the DBS group.
A 3-year follow-up of 57 PD patients undergoing STN-DBS found that 24.5% developed dementia, an incidence similar to that of medically-treated patients [8] . Another study [27] reported that 32% of PD patients in the surgery group had developed dementia at a final follow-up of 2 years, compared with 16% in the non-surgery group.
These fi ndings to some extent indicate that the changes in intelligence and memory are likely to be consequences of the natural evolution of PD.
The data in Table 1 also indicate that patients with a high education level suffered memory declines, whereas those with a low education level did not, possibly because the former had larger vocabulary reserves at baseline [14] .
Attention
Trail-making test A was used to evaluate PD patients undergoing STN-DBS, and revealed reduced attention compared with pre-operation [8] and a control group [26] , consistent with several previous studies [20, 21] . Zibetti et al. [18] used trail-making test B to evaluate attentional shifting, reporting that it was elevated at one year post-surgically, returned to baseline at 5 years, then was significantly reduced within 9 years. However, a multicenter control study revealed no significant difference in attentional shifting between surgery and non-surgery groups, as evaluated using the Mattis dementia rating scale [29] . As shown above, the attention profi le after STN-DBS is also a controversial issue. Apart from different scale sensitivities and follow-up durations, differences in baseline data, such as age, duration and severity of disease, and drug dose, may also contribute to the differences in fi ndings.
Other Cognitive Domains
Psychomotor speed and spatial visual function were reported to show no signifi cant pre-versus post-operative changes following STN-DBS [13, [20] [21] [22] [23] [24] [25] [26] [27] . However, one study reported that STN-DBS reduced psychomotor speed in PD patients and improved spatial visual function, while another reported increased psychomotor speed after surgery [30] . In addition, information-processing velocity [27] , computation [8] , and procedural learning [31] were also reported to be reduced following STN-DBS.
In general, cognition embraces comprehensive domains. To date, there is no international consensus on screening instruments, so some findings might not be generalizable to all PD patients with STN-DBS. So in future, more attention must be paid to the need for uniform neuropsychological scales and screening instruments, baseline patient data, and follow-up durations.
Related Mechanisms
The precise nature of the changes in cognitive function exhibited by PD patients after DBS is currently unclear.
Clinical studies [32, 33] and positron emission tomography experiments [34] have reported that the basal ganglia participate in cognition and emotion as well as self-initiated Neurosci Bull February 1, 2014, 30(1): 153-161 158 movement, functioning as a network that connects the parallel loops between the thalamus and cortex. The structures and functions of these parallel loops appear to be distinct, with each loop originating from a specific region of the prefrontal lobe and connecting with different sites in the basal ganglia, then returning to the frontal lobe via the thalamus. The basal ganglia-thalamus-dorsal prefrontal lobe loop is thought to constitute the anatomical and physiological substrate of cognitive function [35] . STN projection fibers are the only excitatory connections in the basal ganglia and play an important role in regulating cognition [32, 36, 37] . Changes in each part of the loop can alter cognitive function. Several explanations for the cognitive changes following DBS have been proposed.
Surgery-induced Micro-injury
A clinical study reported that electrode positioning and the surgical approach can induce cognitive changes, some of which only occur in the early postoperative stage [23] . Lefaucheur et al. [38] evaluated verbal fl uency preoperatively, and at 3, 10, and 180 days after operation, reporting that micro-injury during surgery reduces verbal fluency. However, a logistic analysis of follow-up data revealed that micro-injury was not a predictive factor in cognitive impairment [26] . All of the studies above suggest that any surgical DBS approach involving the basal ganglia-thalamus-dorsal prefrontal lobe loop may impair cognitive function. To elucidate this question, future studies should focus on animals subjected to sham surgery or stimulation.
Current Stimulation
Since the STN is small and its projection fibers are relatively concentrated, a stimulus current may travel from the motor area of the STN to non-motor areas, infl uencing the basal ganglia-thalamus-dorsal prefrontal lobe loop.
This proposal is supported by the finding that highfrequency stimulation leads to signifi cantly reduced verbal fl uency compared with low-frequency stimulation [39] .
Reduced Dose of Postoperative Dopaminergic Drugs
There are direct and indirect pathways between the cortex and basal ganglia and dopamine regulates both, suggesting that it influences cognition [40, 41] , including verbal fluency, working memory, shifting, problem-solving, and planning [41] .
Saint-Cyr et al. [42] reported that postoperative decrements of dopaminergic drugs resulted in psychological symptoms like apathy and depression, possibly affecting the results of other neuropsychological tests and infl uencing cognitive function. This notion is supported by another report [14] showing that a greater age at onset, duration of education, and dose of dopaminergic drugs are associated with a reduced likelihood of cognitive decline. In contrast, several studies have reported no association between cognitive changes and a reduction in dopaminergic drug intake [20, 26, 29] .
Thus, further studies are needed.
PD Progression
Moreover, the natural course of PD itself cannot be ignored;
this may also lead to cognitive dysfunction, since a majority of patients at moderate or advanced stage of PD frequently suffer from non-motor symptoms such as a progressive decline of cognitive functions leading to dementia [43] . A recent long-term follow-up study reported that the incidence of dementia in PD patients over 3 years after STN-DBS is similar to that in those treated medically [8] . To some extent, this indicates that some cognitive profi les are likely compatible with the natural evolution of PD. However, these cannot completely deny the effect of STN-DBS on cognition, because more and more controlled studies and even multi-center, randomized control experiments tend to reach a consensus that there is a signifi cant change in the DBS-treated group compared with the control group, although both groups show progressive worsening in some studies. On the basis of our fi ndings on one point of verbal fluency (unpublished data), we are inclined to support the position that surgical intervention, rather than natural progression, underlies the changes. However, with regard to long-term executive function and memory, the natural course of progression of PD is more likely to contribute to the differences. More controlled, randomized studies with long follow-up periods are needed to test our hypothesis.
In summary, a variety of loops and factors are involved in the DBS-induced changes of cognitive function, but further studies are required.
Conclusions and Prospects
A growing number of studies have investigated the infl uence of DBS on cognitive function. These studies vary in terms of the regions examined and the durations of follow-up: short-term (6 months to 1 year), medium-term (2-5 years) , and long-term (more than 5 years, up to 9 years) (Table 1) . Moreover, the cognitive function category and strength of evidence used differ among studies. Most previous studies were self-controlled cohort studies, without a non-surgery control group. Some cohort studies involved a non-surgery control group, but did not use randomization.
Only one multi-center, randomized, controlled clinical experiment has been conducted [29] , but the follow-up duration was only 6 months. Previous studies [44] involving follow-up of PD patients subjected to STN-DBS in China have mainly examined motor function; only one such study reported that language function was not signifi cantly improved at 3 years after STN-DBS [45] .
In conclusion, verbal fl uency is consistently reported to Although verbal fluency is reported to be reduced following STN-DBS, this reduction does not appear to decrease the overall quality of life, because STN-DBS improves the motor symptoms, which may offset the negative emotional impact of cognitive decline. So STN-DBS seems to be safe with respect to cognitive effects in carefully-selected patients during a certain follow-up period from 6 months to 9 years. However, cognitive changes should not be disregarded. Thus, a computer-based model that can visualize electrode position and regulate stimulus parameters would be a valuable contribution [46] to maximize the control of motor symptoms, and minimize non-motor symptoms using minimal current levels.
